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This study is an attempt to estimate the effect of a geographical distribution of clouds on climate. A
method of determination of a three-dimensional cloud distribution is proposed. It is based on the solu-
tion of the inverse problem for the radiative transfer equation. By using climatic data on total cloud
amount, temperature, mixing ratio of water vapor, and satellite data on outgoing longwave radiation, the
global distributions of high, middle, and low clouds were computed for July. The derived vertical cloud
extension is in fair agreement with available data on the frequency distribution of stratiform and cu-
mulus clouds. Two numerical experiments are carried out with an atmospheric general circulation model
in which zonal and geographical cloud distributions are prescribed. The integrations are performed for
60 days with a GFDL model, and the last 30 days are analyzed. The geographical cloud distribution
causes the increase of surface temperature over the continents by 2°—4° and leads to a decrease of surface
pressure there and an increase over the oceans. The largest changes in the surface pressure, up to +12
mbar, occur in the middle latitudes of both hemispheres. The largest differences in precipitation are ob-
served in the tropics and over some coastal regions of North and South America. Arid areas in the sub-
tropical belt become more pronounced in case of the geographical distribution of clouds. Estimates of the
level of significance for precipitation and surface pressure changes reveal that they are statistically signif-

icant in some areas of the globe.

1. INTRODUCTION

In recent years a number of studies have been performed in
which cloud effects upon climate have been considered. The
primary emphasis of most studies was concentrated on the
problem of how will the atmosphere respond if the fractional
cloud cover or their vertical extension changes as a result of a
natural or anthropogenic impact on the atmosphere. A similar
question arises when different cloud parameterization tech-
niques are used in atmospheric general circulation models.

The effect of cloud amount.change on surface temperature
was studied with a radiative-convective model by Manabe and
Wetherald [1967]. It was found that an increase of fractional
cover of low and middle clouds decreases the surface temper-
ature. It was also found that the effect of surface cooling de-
creases as cloud height increases. In particular, if high clouds
are assumed to have a blackbody emissivity, their increase
produces a heating of the surface.

The sensitivity of the earth-radiation balance to cloud cover
change was studied by many investigators [Schneider, 1972;
Cess, 1976; Ellis, 1978; and others]. The estimation of cloud
feedback for zonally and globally averaged values of the radi-
ation balance revealed significant differences between the re-
sults obtained by different authors. As indicated by Cess
[1978] a large portion of these differences can be attributed to
the implicit assumptions on functional dependence of cloud
cover change at different heights upon the change of total
cloud cover. In part they can also be associated with differ-
ences in used optical cloud parameters, prescribed cloud
heights, number of cloud layers, etc. Employing zonally aver-
aged annual climatological data for the northern hemisphere,
Cess [1976] suggested that cloud amount\change may not be a
significant climate feedback mechanism.
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There are some studies in which regional effects of clouds
on the long-term state of the atmosphere have been evaluated.
They show that the cloud-radiation feedback may be pro-
nounced over some regions of the globe and produces signifi-
cant changes not only in the thermal state of the troposphere
but also in the hydrological cycle of the atmosphere through.
modification of the general circulation.

Charney et al. [1977] studied the effect of a surface albedo
change on the development of drought in the semi-arid re-
gions and found that the cloud change can be even more sig-
nificant than the surface albedo change in maintaining the
surface thermal regime. As a result, the positive feedback
mechanism (an increase in surface albedo causes a cooling of
the low troposphere, damps upward motion and decreases the
precipitation rate thus favoring the enhancement of an arid
condition) could be completely canceled because the surface-
cloud albedo change is larger than the surface albedo change
alone.

Musaelyan [1974, 1978] analyzed observational data for a
10-year period and found a close relationship between the
cloud anomalies over the North Atlantic in summer and
anomalies in the thermal state of the atmosphere in Europe
during winter 6 months later. In his opinion, this relationship
is associated with a long-term variation of the cloud distribu-
tion. If the cloud cover is less than its mean climatic distribu-
tion over the North Atlantic in summer, the upper oceanic
layer receives and accumulates a larger amount of solar en-
ergy. In winter, the atmosphere receives more heat from the
ocean which favors warmer winters in Europe as compared
with the mean condition. If a larger cloud amount is observed
over the North Atlantic in summer, then the following winter
will be cooler in Europe.

The above studies show that there is no generally accepted
opinion on the size and magnitude of cloud feedback on cli-
mate. To a great extent it reflects imperfections of cloud pre-
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diction schemes used in the atmospheric models and an in-
adequate knowledge of the sensitivity of radiative forcing to
uncertainties associated with cloud prediction. At the present
time there exists several different ways of including clouds in
the atmospheric models: some studies were performed with
prescribed cloud distributions [Manabe et al., 1979], and in
others the clouds were computed in terms of predicted model
parameters [Somerville et al., 1974; Gates and Schlesinger,
1977, Washington and Williamson, 1977; Wetherald and Ma-
nabe, 1980]. In most models the heights and thicknesses of the
clouds are prescribed and fractional cloud cover is computed
by means of empirical formulae in which the cloud amounts
of specific layers are related either to relative humidity or to
the occurrence of condensation. In the Wetherald-Manabe
model, clouds are placed in those layers where condensation
(precipitation) occurs.

The aim of the present study is to assess the sensitivity of
the mean state of the atmosphere to two different methods of
cloud specification in the atmospheric model. It has been
mentioned that several climate studies at the Geophysical
Fluid Dynamics Laboratory have been performed with a pre-
scribed zonally averaged cloudiness at three levels.

It is of interest to determine how the regional climate might
be changed if, instead of zonal clouds, their ‘observed’ geo-
graphical distribution is incorporated into the model. The so-
called observed clouds were obtained from the solution of the
simplified radiative transfer equation, by taking into account
satellite data for outgoing terrestrial radiation, climatic data
for temperature humidity, total cloudiness, and a radiation
calculation of terrestrial fluxes. A description of the method
used for the computation of cloud amount at three specified
levels of the atmosphere and the results of these computations
are given in the appendix.

It is worth noting that the present study is carried out under
the assumption that the cloud cover does not change with
time for both experiments. In other words, the effect of atmo-
spheric processes on the cloud cover evolution is not consid-
ered. Furthermore, because the ocean surface temperature is
prescribed, the feedback between clouds and surface temper-
ature is also excluded. Owing to the large thermal inertia of
the ocean, the second assumption might not be very restrictive
if the response of the atmosphere is considered for the time
span of about one season. This is because the large oceanic
heat capacity delays or inhibits a significant interaction be-
tween the prescribed cloudiness change and the corresponding
surface radiative change over the ocean during the relatively
short integration period considered in this investigation. De-
spite these two simplifications, the results of the study are of
certain interest since they may provide useful insight into an
understanding of the climate sensitivity to cloud changes.

2. DESCRIPTION OF THE ATMOSPHERIC MODEL

A semi-spectral baroclinic general circulation model of the
atmosphere is used in this study. The basic spectral transform
theory was proposed by Orszag [1970] and Eliassen et al.
[1970]. Adopting this technique, Bourke [1974], Bourke et al.
[1977], Hoskins and Simmons [1975], and Gordon and Stern
[1981] developed ‘semi-spectral’ baroclinic models of the at-
mosphere. The model used in the current experiments is one
constructed by the Climate Dynamics Group of the Geophys-
ical Fluid Dynamics Laboratory, by combining Gordon’s
spectral dynamics with a previously developed portion of the
climate model in which various physical processes are incor-
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porated [Manabe et al., 1979]. A detailed description of its nu-
merical algorithm, physical processes incorporated, and its
ability to simulate the climate for January and July can be
found in a number of publications [e.g., Bourke et al., 1977,
Holloway et al., 1971; Manabe et al., 1979]. Therefore, only a
brief description of the model is given below.

The basic prognostic variables of the spectral model are rel-
ative vorticity, divergence, temperature, water vapor mixing
ratio, and logarithm of surface pressure. The horizontal reso-
lution of the model is described by the number of spherical
harmonics incorporated. In the present study the model in-
cluding 21 wave components along a latitude circle with
rhomboidal truncation of waves in the meridional direction is
used. Nonlinear terms of the main equations are estimated at
grid points and then transformed into wave components by
means of the fast Fourier transform technique. The number of
equally spaced grid points along a latitude circle is 48 and 40
points are taken along meridians at so-called Gaussian lati-
tudes. In the vertical, a o coordinate system is used that makes
it possible, in a comparatively simple way, to incorporate the
topography of the continents. The vertical structure of the at-
mosphere is described with nine levels, which are chosen in
such a way that they provide a higher resolution near the
boundary layer and at the lower stratosphere. The horizontal
diffusion of relative vorticity, divergence, heat, and water va-
por is taken as proportional to the differential operator of the
fourth order. The coefficient of proportionality is the same for
all four variables.

The heat flux divergence due to terrestrial radiative transfer
is computed with the same scheme that is used for estimation
of the vertical cloud distribution. The method of computation
of solar radiative transfer is described by Manabe and Strick-
ler [1964), Manabe and Wetherald [1967], and Wetherald and
Manabe [1975]. The solar radiation at the top of the atmo-
sphere is a function of both season and latitude, but its diurnal
variation is eliminated. The clouds are prescribed at three lev-
els, and their distribution does not change with time. With re-
gard to terrestrial radiation, the clouds are assumed to be
black bodies. For solar radiation, the optical properties of the
clouds are the same as those given in Table 1 of Wetherald
and Manabe [1980]. The prescribed spatial cloud distribution
depends on the type of experiment and this matter is outlined
in the next section.

The processes of heat and water vapor exchange between
the surface and the atmosphere and within the atmosphere it-
self due to turbulent transfer, convection, and condensation
are described by Manabe et al. [1979]. A seasonal variation of
surface temperature is prescribed for the oceanic regions. The
temperature distribution for a particular month over the
ocean is computed by means of interpolation from its monthly
values given for the four seasons [Manabe et al., 1979]. The
temperature of the continental surface is determined such that
it satisfies the requirement of heat balance among the net in-
coming solar radiation, the net outgoing terrestrial radiation,
and the fluxes of sensible and latent heat.

3. DESIGN OF EXPERIMENTS

Two numerical experiments are conducted with the general
circulation model described in the preceding section. In both
experiments the mean state of the atmosphere is simulated for
July, but different sets of cloud distributions are used.

The first experiment (control experiment) incorporated a
zonal mean cloud cover at three model levels, whereas the sec-
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Fig. 1. Zonal distribution of (1) computed and (2) observed cloud cover of (a) high, (b) middle, and (c) low, clouds for
July. The observed clouds at the three levels were taken from London [1957] and Van Loon et al. [1972] for the summer

season.

ond experiment incorporated a geographical distribution of -

clouds at the same vertical levels. The zonal-mean distribu-
tions of high, middle, and low cloud cover for the control ex-
periment are given in Figure 1, and the corresponding geo-
graphical distributions of cloud cover adopted for the second
experiment are shown in Figure 2. Here, the zonal means of
the geographical cloud distributions are the same as those
used in the control experiment for each of the three model
levels. For reference, the observed total cloud cover distribu-
tion taken from Berlyand and Strokina [1974] and Van Loon et
al. [1972] is shown in Figure 3. The method of determining
these separate cloud distributions consists of solving a set of
simultaneous equations involving observed global distribu-
tions of total cloud cover, outgoing radiative flux, temper-
ature, and water vapor at three levels of the model atmo-
sphere. The three cloud levels chosen for this study are the
same as those given by Feigelson [1970] and London [1957].
For a detailed description of the method of cloud derivation
for the three separate levels, the reader is referred to the ap-
pendix.

It is important to note here that in both experiments the
cloudiness used is consistent with both the total cloud amount
and terrestrial radiation at the top of the atmosphere (with
some exception for high latitudes of the southern hemi-
sphere). For convenience of further discussion, we shall refer
to the experiment with zonal cloudiness as ZCL and the ex-
periment with geographical cloudiness as GCL.

The model is integrated from an initial state, which corre-
sponds to the date of June 1, for 2 months, i.e., until August 1.
The results of another long-term simulation are used as an ini-
tial state of the atmosphere for the experiments. The simu-
lated atmosphere is analyzed for the last 31 days of in-
tegration which are considered as relevant to the July state.

Figure 4 represents the geographical distribution of the dif-
ferences in total cloud cover: between the two experiments
(GCL-ZCL). The shaded areas indicate the regions where the
cloud cover is larger in the ZCL experiment as compared to
the GCL experiment. This figure gives some indication of the

probable variation of the radiative forcing in the model atmo-
sphere that is expected to produce differences in the mean
state of the atmosphere. It may be noted that a substantial
spacial variation of the cloud differences takes place in the
northern hemisphere, where the larger differences in the prop-
erties of ocean and land surfaces occur as compared to the
southern hemisphere. For example, the rms deviation of cloud
cover from its zonal distribution is 0.17 in the northern hemi-
sphere and less than 0.13 in the southern hemisphere. Cloud
cover over the continents is found to be smaller in the GCL
experiment (negative anomaly) than in the ZCL experiment.
Extensive areas of negative cloud anomalies are located over
North and South Africa, Arabia, Central Asia, Australia, and
the western coast of North America. The areas of southeast
and fareast Asia where positive cloud anomalies occur are ex-
ceptions to the above. A considerable cloud cover is formed
there in connection with the development of the southwest
and southeast monsoons at that time of the year. Other re-
gions with positive cloud anomalies are observed in equatorial
Africa and Central America, and their existence is associated
with the location of the intertropical convergence zone over
the continents. A generally opposite picture can be found over
the oceans, where positive anomalies of total clouds occur.

Figure 5 shows the geographical distribution of differences
in high, middle, and low clouds between the two experiments
(GCL-ZCL). This figure contains some additional interesting
features relevant to the differences in the vertical extent of the
clouds. For example, the increase of total cloud cover illus-
trated in Figure 4 over southeastern Asia appears to be attrib-
utable to an increase of high cloud cover (Figure 5a), whereas
the large negative anomalies over the continents are mainly
due to decreases of low cloud cover (Figure 5c). Also, the
large positive anomalies of total cloud cover over the North
Pacific, North Atlantic, and off the west coast of South Amer-
ica are caused primarily by increases of low cloud cover over
these regions. In general, changes of middle clouds (Figure
5b) do not contribute significantly to the overall change in to-
tal cloud cover.
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Fig. 2. Geographical distribution of computed (a) high, (b) middle, and (c) low cloud cover (in tenths) used for the sec-
ond experiment.
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Fig. 3. Geographical distribution of observed total cloud cover (in tenths) for July [Berlyand and Strokina, 1974; Van
Loon et al., 1972).

Now, an attempt will be made to identify the differences in
the state of the atmosphere produced by the cloud anomalies
and to determine how significant they are.

4. EARTH-ATMOSPHERE RADIATION BALANCE

The radiation balance of the earth-atmosphere system is an
algebraic sum of the fluxes for solar radiation coming down to
the top of the atmosphere, diffusive and reflected radiation to
space by the atmosphere, and the earth surface and long wave
emission to space by the earth-atmosphere system. The net
flux at the top of the atmosphere represents gain, if it is posi-
tive, or loss of heat energy per unit area by the system.

Table 1 contains mean hemispheric values of the total radi-
- ation balance of the earth-atmosphere system as computed
from the experiments ZCL and GCL. It is worth noting that
the total radiation balance changes by about 8% in the north-
ern hemisphere for the experiment GCL, and this is associ-
ated only with the spatial cloud cover differences since the

hemispheric total cloud cover is the same for both experi-
ments. On the other hand, the radiation balance changes very
little for the southern hemisphere, and that is, qualitatively, in
agreement with a smaller spatial variation of the total cloud
cover between the ZCL and GCL experiments.

Figures 6a and 6b show the geographical distribution of the
radiation balance of the system computed from the experi-
ments ZCL and GCL, respectively. In the case of zonal
cloudiness, the net flux reveals its well-pronounced zonal dis-
tribution. Some deviation from zonality in the northern hemi-
sphere can be attributed to the differences of the albedo and
temperature between the continents and oceans. On the other
hand, an incorporation of a geographical cloud distribution
produces a noticeable deviation from zonality in both hemi-
spheres. Particularly marked variations are evident in the
northern hemisphere. \

The geographical distribution of differences in the net radi-
ation flux between the two experiments (GCL-ZCL) is given

9ON &

— 90N

60

30

30

60

PR o SRR 134 0
90S I t t i i ] | | | i 90s
0 30 60 90 120 150 180 150 120 90 60 30 0

Fig. 4. Deviation of total cloud cover (in tenths) from its zonally averaged distribution.
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TABLE 1. The Mean Hemispheric Values of the Total Radiation
Balance of the Earth-Atmosphere System (in W/m?) and Total Cloud
Cover in the Experiments ZCL and GCL

Northern Hemisphere Southern Hemisphere

Radiation Total Cloud Radiation Total Cloud

Experiments  Balance Cover Balance Cover
ZCL 53.7 0.61 -78.8 0.58
GCL 49.5 0.61 =79.5 0.58

in Figure 7. The geographical cloud distribution produces a
variation in the radiation balance of +70 W/m? and that
amounts to 50% of its variation between the tropics and high
latitudes for the winter hemisphere. The figure shows some
gain of heat energy by the earth-atmosphere system over the
continents. Comparison of these differences with differences
for total cloud amount (Figure 4) reveals that the gain of en-
ergy is generally attributed to the reduction of planetary al-

12,001

bedo over the continents caused by the decrease in total
cloudiness. A similar relation holds over North and South Af-
rica, North America, Europe, and most of Asia. However,
there are areas where this close correlation is violated. For ex-
ample, a heat gain is also observed over southeast Asia with a
distinctive positive anomaly of the total cloudiness. Moreover,
it extends toward northern Australia where the area with min-
imum total cloud cover is positioned only over the continent
in the GCL experiment. To understand this it is worth consid-
ering in more detail the vertical structure of the clouds over
the area concerned and their radiative properties (see Figures
5a, 5b, and 5c¢).

As follows from Figures 5 and 7, the positive change of the
earth-atmosphere radiation balance over India and southeast
Asia correlates well with some reduction of middle and, par-
ticularly, low clouds in the region. This implies that the warm-
ing of the earth-atmosphere system is most likely defined by
the vertical change in cloud cover than by the increase in total
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Fig. 6. Geographical distributions of nex radiation flux at the top of the atmosphere (in w/m?) computed in the experi-
ments with (a) zonally averaged and (b) geographical cloud cover.
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Fig. 7. Geographical distribution of net radiation flux difference at the top of the atmosphere (in w/m?) computed from
the experiments with zonal and geographical cloud cover (GCL-ZCL).

cloud cover. Two factors connected with cloud properties may
be responsible for such a change of net radiation flux. First,
an increase of high clouds reduces emissivity to space because
these clouds radiate at a lower temperature than do middle
and low clouds. Second, the albedo of high clouds is 2-3 times
less than that of lower clouds. Therefore, an increase in high
cloud cover with a simultaneous decrease of lower clouds
leads to a condition when both radiative components contrib-
ute to heating of the earth-atmosphere system. It turns out
that the decrease of emission is larger than the solar absorp-
tion increase.

On the other hand, although the total cloud cover decreases
appreciably over Australia in the GCL experiment this does
not cause a similar earth-atmosphere warming because some
increase of low cloud cover occurs there. One can also imag-
ine such a vertical redistribution of clouds when, despite some
reduction of total cloud cover, the earth-atmosphere system
may even lose heat energy, if this reduction occurs mainly at
the expense of higher clouds.

Unlike the continents, extensive oceanic areas have a nega-
tive difference for the radiation balance, as follows from Fig-
ure 7. A large loss of energy up to 70 W/m? is observed over
the northern areas of the Pacific. At least two factors may be
responsible for this change: an increase of total cloud cover
over the oceans causes more reflection of solar radiation to
space and a considerable increase of mostly low clouds results
in an increase of emissivity.

Two important circumstances should be kept in mind for
further discussion. The first one follows from certain fea-
tures relating to the vertical distribution of cloud cover in
the GCL experiment. It has been mentioned that the assump-
tion of a random distribution of clouds at different levels pro-
duces some systematic underestimation of cloud cover at
lower levels of the atmosphere for regions with deep con-
vection. Therefore, the net radiation balance differences ap-
pear to be slightly overestimated in the intertropical con-
vergence zone, areas of baroclinic instability, and monsoon
circulation.

The second point concerns the sensitivity of the atmosphere
to changes of cloud cover over the oceans. Since the sea-sur-

face temperature is prescribed, an important feedback mecha-
nism that accounts for the relationship between cloud cover
and surface temperature changes is eliminated. But this sim-
plification appears not to be significant since the ocean with a
large heat capacity basically controls the thermal state of the
lower troposphere for the time span under consideration.

In general, the troposphere appears to become warmer over
the continents and slightly colder over the oceans in the GCL
experiment as compared to the ZCL experiment.

5. HEAT BALANCE OF THE SURFACE

To ascertain as to how the changes in the heat balance of
the earth-atmosphere system produced by the different cloud
cover distributions are partitioned between the atmosphere
and the earth’s surface, it is worth considering more specifi-
cally appropriate changes in certain components of the heat
balance at the surface. Figures 8a, 8b, and 8¢ show the geo-
graphical distribution of differences of the net solar, terres-
trial, and total (net) radiation balance at the earth’s surface as
computed from the experiments with a zonal and geographi-
cal cloud cover. As seen from Figure 8a the continents gain a
significant amount of solar energy because of a smaller total
cloud cover there in the GCL experiment. On the other hand,
the ocean surface receives generally a smaller amount of heat
energy resulting from a larger amount of low clouds with a
higher albedo.

The differences in the net terrestrial radiation flux (Figure
8b) have a similar distribution over the continents and the
oceans but the values are generally smaller by about 40%. Be-
cause the net solar and terrestrial fluxes are incorporated into
the net total radiation flux with an opposite sign, a substantial
compensation between them occurs when the net effect of
cloud cover change is considered (see Figure 8c). However,
this compensation is rather nonuniform geographically and
results in some gain of total heat energy at the surface over the
continents and its loss over the oceans.

Comparison of Figures 7 and 8¢ shows that the major por-
tion of changes in the radiative heat energy of the earth-atmo-
sphere system is associated with its respective changes of the
same sign at the surface. However, there are some exceptions.
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Fig. 8. Geographical distributions of differences for (a) net solar, (b) terrestrial, and (c) total radiation balance of the
surface (in w/m?) computed from the experiments with zonal and geographical cloud cover (GCL-ZCL).
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Fig. 9. Geographical distribution of surface temperature differences over continents (in degree Celcius), computed from
the experiments with zonal and geographical cloud cover (GCL-ZCL).

For example, the radiative heating of the system over south-
east Asia (see Figure 7) goes entirely to the heating of the at-
mosphere. At the same time the surface even loses some radi-
ative energy.

It should be kept in mind that over the continents, the dif-
ferences in cloud cover produce some changes in the net solar
and downward terrestrial flux at the surface that, in turn,
cause changes in the sensible and latent heat transport to the
atmosphere and the surface temperature. This redistribution
of heat energy is accomplished through the heat balance
equation under the assumption that the soil heat capacity is
negligible. On the other hand, the ocean, owing to its large
heat capacity, does not respond in a similar way to the radiat-
ive flux forcing at the surface (even if the surface temperature
is calculated) and the atmosphere receives additional heat en-
ergy which is mainly associated with changes in the radiative
heat flux divergence with the atmosphere itself.

As a result of the surface heating over the continents, the
mean sensible heat flux to the atmosphere becomes larger by
20% for the whole northern hemisphere. However, the change
of sensible heat flux is 1 order of magnitude less in the south-
ern hemisphere. On the other hand, evaporation is sub-
stantially controlled by the wetness of the surface. The mean
changes of evaporation are found to be insignificant over the
whole northern hemisphere, although as was indicated pre-
viously, they can play an important role in the surface heat
balance for some regions of the globe.

6. SURFACE TEMPERATURE

Figure 9 illustrates the geographical distribution of surface
temperature difference obtained from the experiments ZCL
and GCL. It can be seen that the surface temperature be-
comes higher over large areas of the continents in the GCL
experiment. Its increased by 2°-4° and even more is connected

0 30 60 90 120 50

15 120 90 60 30 0

Fig. 10. Geographical distribution of sea-surface pressure (in millibars), computed from the experiment with zonal cloud
cover.
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Fig. 11. Geogfaiphical_ciistﬁbution of sea-surface pressure differences (in millibars) computed from the experiments with
zonal and geographical cloud cover (GCL-ZCL).

with a total cloud decrease over extensive areas of Asia, Eu-
rope, Africa, and North and South America. On the other
hand, temperature decreases of the same magnitude occur in
eastern Siberia, coastal regions of North and South America,
southeast Asia, and equatorial Africa, where an increase of to-
tal cloud cover is observed. In general, this relationship be-
tween surface temperature and total cloud cover change is
well illustrated over most areas concerned. However, the tem-
perature decrease in southeast Asia has some distinctive fea-
tures that seem to be worth discussing in some detail. As in-
dicated in the previous section, a substantial increase of high
cloud cover by 40-50% over the area resulted in some reduc-
tion of the net solar flux at the surface that is larger than the
reduction in the net terrestrial flux in the GCL experiment as
compared with the ZCL experiment. Furthermore, an analysis
of the water balance component at the surface shows that the
temperature decrease may also be attributed to an increase of
evaporation that appears to be more efficient in the transport
of heat from the surface to the atmosphere in the tropics. In
turn, the larger evaporation is stipulated by an increase in pre-
cipitation and wetness of the surface. This subject will be dis-
cussed further in section 8.

' "f., SURFACE PRESSURE AND CIRCULATION

It is known that low pressure systems are formed over rela-
~ tively warm continents of the northern hemisphere in July,
and high pressure systems are formed over the oceans. Figure
10 shows the geographical distribution of surface pressure
computed in the experiment ZCL. As was indicated in the
preceding section, the decrease in total cloud cover over the
continents causes the surface and lower troposphere to be
warmer there in the GCL experiment as compared with the
ZCL experiment. This causes a further decrease in the surface
pressure over most parts of the continents.

Figure 11 illustrates the geographical distribution of surface
pressure differences obtained from the two experiments
(GCL-ZCL). The largest pressure changes, amounting to +12
mbar, are observed in the middle latitudes of both hemi-
spheres. The surface pressure increases over the oceans, espe-
cially in the North Pacific and North Atlantic. The in-

tensification of high pressure systems over the oceans is likely
caused by mechanisms of a dynamical nature rather than in-
duced by thermal factors. In other words, the surface pressure
increase results mainly from a mass redistribution owing to
the surface pressure decrease over warmer continents. As was
indicated previously, the oceanic surface temperature is pre-
scribed, and, therefore, the cooling of the lower troposphere
there owing to a larger cloud cover, for example, in the North
Pacific in the GCL experiment, must be strongly reduced.

This is also confirmed by one more experiment in which the
middle and low cloudiness was inadvertently excluded in the
North Pacific. In spite of this change, a similar increase in sur-
face pressure was, again, observed in the region concerned. A
considerable increase of surface pressure in the middle lati-
tudes of the southern hemisphere appears to be mostly associ-
ated with a displacement of air masses from the continents of
the northern hemisphere toward the southern oceans.

The changes in the thermal regime of the continents pro-
duce corresponding changes in the mean flow. Figures 12a
and 12b show the wind vector differences (GCL-ZCL) for
both the surface and 830 mbar, respectively. Substantial
changes in the flow are observed in the middle latitudes of the
northern and southern hemispheres and that is in agreement
with the larger changes in surface pressure there.

The distributions of the wind vector differences have a com-
plicated structure in the middle latitudes, and their inter-
pretation is not so simple in some cases because of the Coriolis
forcing on the horizontal flow. However, one can determine
that if the pressure differences have a properly defined low
pressure pattern (see Figure 11), the differences in the wind
vector distribution will show a corresponding cyclonic circula-
tion of flow with its convergence at the center of the pattern.
On the other hand, if the pressure differences show a high
pressure pattern, the wind vector differences correspond to an
anticyclonic circulation with divergence of the surface flow.

The new eddy circulation patterns, developed for the GCL
experiment, are observed not only for the surface flow, but
also at higher levels of the troposphere along the east coast of
Asia and the west coast of North and South America. Incor-
poration of a geographically distributed cloudiness leads to a
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Fig. 12a. Geographical distribution of surface wind vector differences, computed from the experiments with zonal and
geographical cloud cover (GCL-ZCL).

growth of the eddy component of kinetic energy by 12% in the
northern hemisphere and its slight decrease in the southern
hemisphere. It will be shown in the next section that the posi-
tion and intensity of the newly formed large-scale eddies play
an important role in the variation of the precipitation rate en-
hancing or weakening the monsoon type of circulation along
the coastal regions of the continents.

8. PRECIPITATION AND LAND HYDROLOGY

Figure 13 illustrates the geographical distribution of the
precipitation rate, as computed in the ZCL experiment. Char-
acteristic features of the precipitation distribution are pro-
nounced maxima in the intertropical convergence zone, which
is positioned approximately at 5°~10°N in July; an extensive
area of large precipitation rate in southeast Asia associated
with the development of southwest and southeast monsoons;
and areas of intensive precipitation at the middle latitudes of

both hemispheres related to cyclonic activity of the atmo-
sphere.

Figure 14a shows the geographical distribution of the dif-
ferences of precipitation rates between the two experiments
(GCL-ZCL). In spite of a rather mixed picture of their varia-
tion, interesting features are revealed over certain geographi-
cal locations. The largest changes in precipitation rate are ob-
served in the intertropical convergence zone over the Pacific
Ocean, along southeastern and eastern coasts of Asia, and
North and South America. The precipitation rate variations
amount to 0.5-1.0 cm/day in these regions and that corre-
sponds to 30-50% of their total magnitude in the ZCL experi-
ment. The intensity variations turn out to be smaller in other
regions of the globe but they may be still substantial with re-
spect to their background values.

A drastic change in precipitation rate is observed over the
monsoon area (i.e., its increase over the continent and a sharp
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Fig. 12b. Geographical distribution of wind vector difference at 830 mbar, computed from the experiments with zonal
and geographical cloud cover (GCL-ZCL).
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Fig. 13. Geographical distribution of precipitation rate (in cm/day) computed from the experiment with zonal cloud
cover.

decrease over the Indian and Pacific Oceans adjacent to the
continent). A considerable increase of precipitation over the
Indochina continent is apparently caused by the in-
tensification of a monsoon type circulation and larger trans-
port of humid air from the ocean to the continent (see Figure
12a). This, in turn, is the result of the warming of air over the
continent. This additional flow towards the continent is also
well defined at the 830 mbar surface (see Figure 12b). A de-
tailed discussion of the relationship among surface temper-
ature, hydrology, and the monsoon circulation is given in
Webster and Chou [1980].

It can also be seen from Figure 14a that precipitation de-
creases appreciably in the United States, North Africa, over
vast areas of China, and the far east of USSR. On the other
hand, a precipitation increase is observed in East Siberia next
to the sea of Okhotsk, South Alaska, east and west coasts of
Canada, and in southern regions of Chile and Argentina. In-
dependent of latitude and the climatic regime of the regions
concerned, the largest variation of precipitation usually takes
place along the coastal area of the Asian and American conti-
nents. From comparison of Figures 12a and 12b and Figure
14a one can notice that the sign of the precipitation change is
surprisingly well correlated with the direction of the surface
wind vector difference. In other words, precipitation increases
if the surface flow is directed from the ocean to the continent,
and vice versa. This implies that the intensity of precipitation
is mostly controlled by the monsoon-type mechanism along
the coasts of the continents.

Since the ocean temperature is assigned, the response of the
model atmosphere to the variation of cloudiness may be dif-
ferent from that of the real atmosphere over the oceans.
Therefore, as noted before, the interpretation of precipitation
changes there in the GCL experiment should take into ac-
count this specific feature of the model atmosphere.

Meanwhile it is of certain interest to understand the mecha-
nisms controlling precipitation changes over the ocean, (for
example, the development of small-scale patterns over a rela-
tively uniform ocean surface in the tropical Pacific). The
probable explanation of this phenomenon may be as follows.
Because the net radiation flux for the surface-atmosphere sys-

tem decreases due to a large cloud cover over the ocean in the
GCL experiment, the troposphere undergoes some cooling.
On the other hand, the oceanic surface temperature does not
depend on the surface heat balance, and this contributes to a
development of a more unstable condition in the lower tropo-
sphere and a larger vertical transport of moisture and con-
densation. An enhancement of upward vertical motion due to
condensation processes must create downward motion in ad-
Jjacent regions to satisfy the mass conservation requirement.
The downward motion forcing may favor the weakening of
condensation and precipitation rates, in some areas, thus re-
sulting in a more patchy precipitation difference distribution.

It was mentioned near the end of section 6 that the decrease
of surface temperature for the (GCL-ZCL) experiments in the
monsoon region of Southeast Asia was related to an increase
of wetness and evaporation there. Figure 145 which shows the
evaporation difference between the two experiments indicates
that, indeed, there is an increase of evaporation and, there-
fore, latent heat in this region. As was stated previously, the
increased latent heating implies a more efficient transport of
heat from the surface to the atmosphere, thereby reducing the
surface temperature.

Figure 15a shows the geographical distribution of the soil
moisture content over the continents in the ZCL experiment.
Figure 15b shows the difference of soil moisture for the (GCL-
ZCL) experiments. Comparison of these figures indicates that
in the case of incorporation of the geographical cloud distri-
bution, the regions with negligible moisture content, corre-
sponding to arid and semi-arid conditions, become more ex-
tensive. Because of the higher surface temperature, sensible
heat flux and evaporation to the atmosphere are increased.
The warming of the lower troposphere leads to a reduction of
relative humidity over the continental areas situated far away
from the coast where the effect of horizontal transport of wa-
ter vapor is not so significant. Some increase in evaporation
without a similar increase in precipitation results in the devel-
opment of drier surface conditions.

Thus, a reduction of cloud cover in the subtropical zone
and some regions of middle latitudes remote from the ocean
contributes to a development of drier climatic conditions over
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the continents. On the other hand, one can note the increased
wetness in the southeast Asian monsoon area caused by an en-
hanced hydrologic cycle there.

9. ESTIMATION OF SIGNAL TO NOISE RATIO

When studying the external forcing on the atmosphere, the
question arises as to whether the differences in two com-
parable mean states of the atmosphere are statistically signifi-
cant. With regard to the present study, the prescribed cloudi-
ness may be considered as an external forcing parameter
while it is certainly an internal one for the real atmosphere.

According to Leith [1973] the statistical significance of dif-
ferences between two states of the atmosphere is evaluated in
terms of a signal to noise ratio for some considered parameter.
The signal is the difference between two comparable mean
states of the atmosphere. The noise defines the rms variation
of the mean value when its estimation is made from a limited
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Fig. 14a. Geographical distribution of precipitation raite differences (in cm/day) computed from experiments with zonal
and geographical cloud cover (GCL-ZCL).

time series sampling. The mean change of some variable is
considered as significant if the absolute value of the ratio ap-
pears to be larger than unity.

By making use of appropriate formulas for the computation
of the signal and noise, proposed by Leith [1973], we esti-
mated the statistical significance of changes for precipitation
and surface pressure in the GCL experiment with respect to
the ZCL experiment. The signal for precipitation is computed
as the difference between the two mean distributions (GCL-
ZCL) for the last 40 days of integration. When computing the
noise distribution, the temporal autocorrelation function is ze-
roed out after 15 days. To eliminate some mesoscale spacial
variation in precipitation, the daily values are smoothed.

Figure 16 shows the geographical distribution of the signal-
to-noise ratio for the precipitation rate. Shaded areas mean
that the absolute values of the ratio are equal to or greater
than unity. It can be seen that almost all substantial changes,
discussed in the previous section, appear to be statistically sig-
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Fig. 14b. Geographical distribution of evaporation rate difference (in cm/day) computed from the experiments with
zonal and geographical cloud cover (GCL-ZCL).




MELESHKO AND WETHERALD: CLOUD DISTRIBUTIONS: MODEL CLIMATE EFFECTS

12,009

30 % 120 150

nificant, particularly in Africa, southeast and east Asia, and
North and South America.

Figure 17 shows the zonally averaged distribution of the
signal to noise ratio for the differences of surface pressure
(GCL-ZCL). Because the autocorrelation function for pres-
sure decreases at a slower rate than for precipitation, the num-
ber of independent states is also less when a time series of the
same length is considered. This means that the rms error in
the determination of the mean surface pressure will be larger,
particularly in the middle latitudes, where the pressure varia-
tions are of considerable magnitude. Since the estimation of
the significance level for surface pressure was performed from
a sampling of the same length, we feel that it is more expedi-
ent to show the signal to noise ratio for zonally averaged val-
ues. The ratio illustrated in Figure 17 was first computed for
the grid points and then averaged along the various latitude
circles and slightly smoothed. The autocorrelation function
was set to zero after 30 days.

180

== 90S
0
Fig. 15a. Geographical distribution of water accumulation in the soil (in cm) computed from the experiment with zonal
cloud cover.
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The decrease of mean zonal surface pressure over the conti-
nents of the northern hemisphere and its increase over the
oceans of the southern hemisphere appear to also be signifi-
cant.

10. CONCLUSIONS

Two interrelated problems have been discussed in the pres-
ent study: a computation of a three-dimensional distribution
of cloud cover over the globe and an estimation of the effect
of this geographical cloud distribution on the model climate.

A method is proposed for the computation of high, middle,
and low cloud cover by using the climatic data on total cloud
cover and longwave radiation flux at the top of the atmo-
sphere as well as temperature and humidity. The computed
vertical extension of the clouds is in fair agreement with the
main large-scale features of the general atmospheric circula-
tion: the existence of larger upper cloudiness in the zones of
intertropical convergence and baroclinic instability in both
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Fig. 15b. Geographical distribution of the difference of water

accumulated in the soil (in cm) computed from the experi-

ments with zonal and geographical cloud cover (GCL-ZCL).
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Fig. 16. Geographical distribution of the signal-to-noise ratio for precipitation rate computed from the difference be-
tween the GCL and ZCL experiments.

hemispheres and dominance of low cloudiness over relatively
cold oceanic waters. The derived vertical structure of the
clouds qualitatively also agrees with available observations on
the fr quency distribution of dominant types of clouds, in par-
ticular, stratiform and cumulus clouds. However, some under-
estimation of the low cloud cover is revealed over some areas
having a large amount of high clouds. This is likely connected
with the assumption adopted on the randomness of the cloud
distribution at different levels, which, in fact, does not apply
in the areas where well organized convection occurs.

A comparison of the numerical experiments performed with
an atmospheric general circulation model for July, in which
two types of cloud parameterizations are used (i.e., geographi-
cal and zonally averaged cloud distributions) has shown that
(1) incorporation of a geographical cloud distribution in the
model produces marked changes in the net radiation flux at
the top of the atmosphere as compared to the ZCL experi-
ment. An analysis of this distribution indicates that a net heat
gain takes place over the continents due to less cloudiness
there and some heat loss of a similar magnitude occurs over
the oceans because of an increased cloud cover. (2) A similar
pattern of change, with regard to the continents and oceans, is
observed for the surface radiative heat balance. This is, again,
due to the respective changes of cloud cover stated above.
However, since the oceanic temperature is prescribed, the ef-
fect of this surface radiative tendency upon the atmosphere
over the oceans is severely limited. In general, the radiative
difference tendencies at both the top and bottom of the atmo-
sphere are much more pronounced in the northern hemi-
sphere than they are for the southern hemisphere. (3) Because
of the smaller cloud cover over the continents, the surface
temperature increases on the average of 2°-4°. However, in
some regions the surface temperature decreases by the same
magnitude, due to mainly total cloud cover growth and some
intensification of the hydrological cycle over equatorial Af-
rica, southeast Asia, and other areas of the continents. (4)
Some warming of the lower troposphere causes a surface pres-
sure fall over the continents. On the other hand, an increase of
surface pressure is observed over the oceans, particularly in
the southern hemisphere. The pressure changes (equal to +12

mbar) are mostly observed in the middle latitudes of both
hemispheres. A tendency toward the formation of a cyclonic
circulation is found over the areas with a maximum pressure
fall and an anticyclonic circulation is formed over the areas of
its maximum rise. (5) The prescribed changes of cloudiness do
not have a direct influence on the changes of the precipitation
rate since the cloud distribution is not directly related to the
precipitation distribution. Instead, they act through other
mechanisms of a thermal and dynamical nature: changes in
heat and horizontal moisture transport due to the develop-
ment of a horizontally thermal heterogeneity; development of
an unstable condition in moist air due to warming of the
lower troposphere; increase of evaporation from the warmer
surface, etc. The indirect effect of the geographical cloud vari-
ation on the precipitation rate is different for various regions
of the globe. Unlike the pressure variation, the largest precipi-
tation rate changes (equal to +£1.0 cm/day) are observed in
the tropics in the GCL experiment as compared to the ZCL
experiment. A considerable precipitation variation occurs in
the intertropical convergence zone, the Asian monsoon area,
eastern Siberia, Europe, and North and South America. (6)
Some reduction of total cloud cover favors the intensification
of arid and semi-arid conditions in Africa, North America,
eastern Europe, and vast areas of Asia. This tendency im-
proves the agreement between the simulated atmosphere and

the observed climatic regime in these areas. (7) Incorporation -

of a geographical cloud distribution as compared to zonally
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Fig. 17. The zonally averaged distribution of signal-to-noise ratio
for sea-surface pressure difference between the GCL and ZCL experi-
ments.
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averaged clouds produces some substantial changes in the
precipitation rate and surface pressure over some areas of the
globe. The estimates of the signal to noise ratio for these two
variables have shown that they are statistically significant for
many regions. (8) The analysis of the variation of the thermal
regime and hydrological cycle of the atmosphere obtained
from the model simulation with a different parameterization
scheme of cloud distribution has shown that development of
more advanced schemes of cloud parameterization will allow
an improvement of the simulation capability of the present
general circulation models.

APPENDIX: DETERMINATION OF VERTICAL CLOUD
DISTRIBUTION

Preliminary Results

Cloud data collected from surface networks and meteor-
ological satellites have been published by MacDonald [1938],
London [1957], Miller [1971], Schutz and Gates [1971, 1972],
Van Loon et al. [1972], Berlyand and Strokina [1974], Avaste et
al. [1979], and others. However, climatic data on the vertical
extent of clouds are very poor and available, if any, only for
highly limited areas of the globe. By using data on the fre-
quency distributions of different types of clouds, London
[1957] derived zonal distributions of various cloud types for
the four seasons. At present, it seems to be the only readily
available global data set that contains information on both the
vertical extent of different cloud types and their amount. An
extensive three-dimensional nephanalysis compiled by the
Environmental Technical Applications Center, a branch of
the U.S. Air Force, exists, but it is not complete for the entire
globe or in a form suitable for this current study.

Improvement of satellite techniques has promoted the de-
velopment of quantitative methods for the determination of
total cloud cover, cloud heights, and other cloud parameters
from measurements of outgoing radiation at the water vapor
window channel and cloud brightness in the visible range. A
thorough review of the relevant studies can be found in two
books by Kondratyev and Timofeev [1970, 1978]. It is impor-
tant to note that available data and proposed techniques are
not appropriate for the problem discussed in the current paper
because they cannot provide vertical distributions of cloud
amount over the globe which would be suitable for inclusion
in the atmospheric models.

Method for Cloud Determination

The derivation of the vertical cloud distribution is based on
an estimation of the thermal differences between the clouds
located at a limited number of prescribed levels under the as-
sumption that the total cloud cover, thermal state of the atmo-
spheric column, and distribution of water vapor and other ab-
sorbing substances is known.

Let us consider an atmospheric column of unit area extend-
ing from the earth’s surface to the top of the atmosphere. Sup-
pose that there are three layers of fractional clouds located at
different heights so that the total cloud amount N observed
from the top of the atmosphere is

3
> Ng=N

k=1

M

N is a portion of the unit area covered by clouds at the Kth
level that can be seen from the top of the atmosphere. At N =
1.0 the whole column is completely covered by clouds.

12,011

In the case of cloud opacity, the total flux of terrestrial radi-
ation R that reaches the top of the atmosphere consists of the
parts that represent the emissions coming from the visible
cloud surfaces, the earth’s surface, and from the cloudless lay-
ers of the atmosphere confined between the radiating surfaces
and the top of the atmosphere

3
go NxRx=R @

Ry is the portion of the flux being integrated over the long-
wave energy spectrum that reaches the top of the atmosphere
from the Kth cloud surface. N, = 1 — N is the part of a unit
area without clouds, and R, is the flux that comes from the
land surface.

Let us suppose the following cases.

1. Clouds may exist at not more than three heights of the
atmosphere, (high, middle, and low clouds).

2. The heights of the cloud tops are known. The middle
and low cloud tops are at the 700 and 925 mbar surfaces, re-
spectively. The high clouds are located at 500 mbar from the
pole to about 48° latitude in both hemispheres, then their
height increases up to 300 mbar toward the equator [Feigel-
son, 1970; London, 1957)].

3. The distribution of clouds at each level is random, so
that the area of their overlapping is equal to the product of
their amounts. The clouds that can be observed from the top
of the atmosphere are

N,=n,
N,=(1—-n)n,
Ni=(1—=n)(1-ny)n,

(€)

4. The clouds radiate as black bodies at the temperature
of their surfaces; the middle and low clouds are opaque for
long-wave radiation, high clouds are opaque at 90%. The
black body assumption is used for high clouds, in addition to
the middle and low clouds, to obtain a realistic energy balance
at the top of the model atmosphere for the radiative computa-
tion.

5. Nonlinear effects due to the use of mean values for at-
mospheric variables in the radiation computation are negli-
gible [Budyko, 1974].

The equations (1) and (2) contain three unknowns Ny (K =
1, 2, 3). An equation similar to (2) but describing the transfer
of reflected solar radiation could also be used, and it requires
some additional assumptions on cloud properties. However,
because the differences between reflected solar fluxes coming
from various cloud heights and their overlapping combina-
tions turn out to be marginal to the accurate determination of
the total reflected flux, the solution of the equations becomes
unstable in some cases. Therefore, the assumption is made
that the amount of middle and low clouds is proportional to
the corresponding relative humidities at the appropriate levels
of the atmosphere. Such a relation is similar to empirically de-
fined linear formulae which are often used for cloud predic-
tion in general circulation models of the atmosphere [Gates
and Schlesinger, 1977, Washington and Williamson, 1977; and
others].

Thus it is assumed that

n_h
n - h @
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hereinafter n, (k = 1, 2, 3) is fractional cloud cover (amount)
for high, middle, and low clouds, respectively; h, and h; are
relative humidities at the levels of the atmosphere where
middle and low clouds are located.

Taking into account the above assumptions, (2) and (4)
may be written in the form

3

Y ax(Rx—R) Ny=R—Ro— (1 —a)

k=1

[(R, = Ro) niny + (R — Ro) (1 — ny) nyns)

(1‘"2);1N2—N3=0 (6)
2

It follows from the assumption 4 that o, = 0.9, t, = a; = 1.

The set of equations (1), (5), and (6) may be solved by using
an iteration procedure if Ry, R, and N are known.

The solution of the equations is not unique in the case of
the lapse rate being close to isothermal (for example, a winter
condition over continents). From a physical standpoint this
implies that owing to small or zero flux differences between
different cloud heights it is impossible to identify the vertical
cloud structure. However, available cloud statistics for the
northern hemisphere show that in such specific cases only
stratiform low clouds near the top of the boundary layer are
formed [Dubrovina, 1975). Therefore, if the lapse rate in the
low troposphere exceeds a prescribed value, the equations (1),
(5), and (6) are not used, and the low cloudiness is assumed to
be equal to the total cloud amount.

Since the atmospheric parameters needed for the cloud
computation are taken from different data sources, they might
be inconsistent among themselves in some cases. As a result of
this, one can obtain n, < 0 instead of a zero cloud amount at
certain heights. Therefore, a procedure for the determination
of cloud cover includes a number of consecutive steps. First,
the cloud amount is estimated at all three heights by solving
equations (1), (5), and (6). The solution must satisfy the fol-
lowing condition

0<Ng<1 (K=1,2,3)

If N < 0 for one of the three heights, the cloud cover is then
recomputed only for the other two adjacent heights, and as-
sumption 4 is not used in this case. If Ny < 0 at one of the two
remaining heights, the clouds cannot exist there and it is as-
sumed that they are formed at one height only. Thus, the total
cloud cover N is always retained in the column under con-
sideration. :

The global three layer cloud distribution is derived for July.
The following data sets are used:

1. Monthly mean distribution of total cloud amount over
the globe obtained by Berlyand and Strokina [1974]. In the
belt of 60°-90°S the total clouds were taken from Van Loon et
al. [1972]. The compiled cloud distribution is given in Figure
3.

2. Monthly means of air temperature and dew point tem-
perature for standard levels of the atmosphere at grid points
of 5° X 5° from compilations by Crutcher and Meserve [1970]
and by Jenne et al. [1974].

3. Monthly mean outgoing terrestrial radiation at the top
of the atmosphere available at a grid resolution of 10° X 10°.
The data were taken from the summary for components of the
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radiation balance received from satellite measurements during
1964-1970 [Vonder Haar and Ellis, 1974).

Temperature and water vapor vertical distributions are pre-
scribed at 13 levels of the model atmosphere. Since the latter
is available only up to the 500-mbar surface, the appropriate
values for higher levels were obtained by means of extrapola-
tion from lower levels. All data are adjusted to the horizontal
resolution of 5° X 5°. The fluxes of Ry were computed from
the radiation code developed for the GFDL atmospheric
model [Manabe and Wetherald, 1967). The water vapor distri-
bution was estimated from dew-point temperature data. The
mixing ratio of carbon dioxide was taken as 0.456 X 10~ g/
kg, and the ozone distribution was prescribed as a function of
season, latitude, and height.

Results

Figure 1 illustrates the zonal distribution of computed and
observed high, middle, and low clouds. The computation was
performed by using zonally averaged terrestrial radiative
fluxes, total cloud cover, temperature, and humidity for July.
It can be seen that the computed high and low cloud amounts
are in fair agreement with the observation in the northern
hemisphere. However, some discrepancy can be observed in
the southern hemisphere, particularly for high clouds at the
latitudinal belt of 30°-60°S. The better agreement of clouds
with observation in the northern hemisphere as compared
with that in the southern hemisphere apparently results from
the quality of available climatic data used in the study. This
and other problems relating to the assessment of sensitivity of
computed clouds to the assumptions used and uncertainties in
the determination of total cloud cover and radiation are thor-
oughly discussed elsewhere [Meleshko, 1980].

Figure 2 shows the geographical distribution of the com-
puted high, middle, and low cloud cover. The following main
features of the vertical distribution of computed cloudiness
agree with the position of some well-known large-scale pat-
terns of the atmospheric circulation.

1. Large amounts of high clouds in the middle latitudes of

~ both hemispheres which are associated with the positions of

the zones of baroclinic instability.

2. Well-pronounced maximum of high cloud cover over
southeast Asia and India that is attributed to the development
of the southwest and southeast monsoon circulation during
the summer.

3. Areas of increased high clouds in the vicinity of the
equator that are associated with the position of the inter-tropi-
cal convergence zone.

4. Low clouds over considerable areas of the oceans in the
northern hemisphere. Two such areas are in the northeast Pa-
cific and off the west coast of South America over the cold
oceanic waters.

Besides the indicated features, which agree well with avail-
able qualitative cloud data, some features are also revealed
that seem to result from assumptions used in the computa-
tional scheme as well as some deficiencies in the available cli-
matic data. One can notice the lack of maxima in low cloud
cover over southeast Asia, the equatorial belt of the Pacific,
and the South Pacific around the Antarctic coast where the
high cloud maxima are computed. One of the basic assump-
tions suggests that the cloud distribution at adjacent levels is
random with respect to one another, and this is apparently
valid for regions where stratiform clouds prevail but not for
convective clouds with considerable vertical development. As
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a consequence of this, the low cloud cover suffers from some
underestimation over the areas with a large amount of high
clouds.

With regard to the intertropical convergence zone, there are
two factors that may contribute to cloud underestimation
there. The observed total cloud cover does not show a contin-
uous maximum zone over the equatorial Pacific. This short-
coming can affect the computed low clouds. Moreover, the ra-
diation data, presented at a relatively coarse grid (10° X 10°),
appears to be inadequate to resolve the cloud patterns in cer-
tain areas, where the intertropical convergence forms a rather
narrow zone.

In conclusion, it can be pointed out that except for certain
regions where deficiencies are revealed in the low cloud cover
the computed vertical extent of the clouds is in fair agreement
with the main large-scale patterns of the general circulation of
the atmosphere during July.
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